Abstract. The aim of this work was to prepare and evaluate Tadalafil nanosuspensions and their PEG 4000 solid dispersion matrices to enhance its dissolution rate. Nanosuspensions were prepared by precipitation/ ultrasonication technique at 5°C where different stabilizers were screened for stabilization. Nanosuspensions were characterized in terms of particle size and charge. Screening process limited suitable stabilizers into structurally related surfactants composed of a mixture of Tween80 and Span80 at 1:1 ratio (in percent, weight/volume) in adjusted alkaline pH (named TDTSp-OH). The surfactant mixture aided the production of nanosuspensions with an average particle size of 193±8 nm and with short-term stability sufficient for further processing. Solid dispersion matrices made of dried Tadalafil nanosuspensions or dried Tadalafil raw powder suspensions and PEG 4000 as a carrier were prepared by direct compression. Drying was performed via dry heat or via freeze dry. Drug release studies showed that, in general, tablet formulations made of freeze-dried product exhibited faster initial release rates than the corresponding tablets made of oven-dried products which could be attributed to possible larger crystal growth and larger crushing strengths of oven-dried formulations. At best, 60% of drug was released from solid dispersion matrices, while more than 90% of drug was released from TDTSp-OH nanosuspension within the first 5 min. In conclusion, Tadalafil nanosuspensions obtained using a mixed surfactant system provided rapid dissolution rates of Tadalafil that can theoretically enhance its bioavailability.
INTRODUCTION
A sharp increase in introduction of new highly lipophilic (poor aqueous solubility) is experienced nowadays (1,2) leading to poor oral bioavailability due to low dissolution rates in the gastrointestinal tract (3) . This ends up with lowering of the efficacy of these poorly soluble drugs since dissolution is considered the first step in the absorption process (4) .
Solubilization via certain techniques such as salt formation, surfactant, cosolvents, polymers, lipids, complexing agent and prodrugs was employed to improve the solubility and hence the bioavailability of poorly soluble drugs (5, 6) . However, these methods, not unexpectedly, suffer several drawbacks (7, 8) .
Micronization is another technique employed for improving drug dissolution rates, but was found to be insufficient to overcome bioavailability problems of many poorly soluble drugs. Therefore, a consequent step was to shift to nanosization since saturation solubility and dissolution rate can be enhanced according to Noyes-Whitney equation (9) . In 1990s, Elan Nanosystems (San Francisco, CA, USA) revolutionized the use of nanocrystals instead of microcrystals for oral bioavailability enhancement and nanosuspensions for intravenous or pulmonary drug delivery. However, it should be stated that although poor drug solubility in aqueous medium lowers its oral bioavailability, nanosizing does not guarantee high bioavailability (3, 10) . Nevertheless, in recent years, nanoparticle or nanocrystal engineering processes have become promising approaches for the enhancement of dissolution rates of poorly aqueous soluble drugs (11) (12) (13) (14) (15) .
The preparation of drug nanoparticles can be done through top-down or bottom-up approaches. The anti-solvent precipitation method produced by List and Sucker in 1990s (16) is a bottom-up process and was adopted in the current work in the presence of surfactants, polymers or a mixture of both as stabilizers. The method involves cavitation via ultrasonication. It is relatively rapid and of low cost and results in the formation of fine particles (17) (18) (19) . However, physical stability of nanosuspensions prepared by this method can be impaired due to rapid unidirectional growth forming needle-shaped crystals (20) .
Tadalafil is a phosphodiesterase 5 inhibitor used orally to treat male erectile dysfunction and marketed under the brand name Cialis®. It has the advantage of long duration of action (21) ; however, it suffers poor aqueous solubility (22) leading to variability in blood levels and irreproducibility in clinical response.
The aim of this work was to prepare, evaluate and stabilize nanosuspension formulation of Tadalafil via screening various types of stabilizers the anti-solvent precipitation method along with the advanced technology of ultrasonication. Solid dispersion of Tadalafil in PEG 4000 and its effect on enhancing dissolution of Tadalafil were also investigated and compared with the nanosuspension formulation.
MATERIALS AND METHODS

Materials
Tadalafil, sodium (Na) lauryl sulphate (SLS), polyvinylpyrrolidone (PVP) K-30, Pluronic F-127, Methocel E50, Methocel E5 LV, Cremophor EL and Brij58 were all generously gifted from TQ Pharma (Amman, Jordan); Span20, Span60 and Span80, PEG 4000 were purchased from (Fluka Chemie, Buchs, Switzerland); Tween80 was obtained from (JHD™, Guangdong, China); Triton X-100 from (Fisher Scientific UK Ltd, England, UK); sodium docusate was obtained from (Acros Organics, Morris, NJ, USA); magnesium stearate was obtained from (Fizmerk India Chemicals, India) and talc was obtained from (Riedel-De Haenag, Seelze-Hannover, Germany). All materials were used as received.
Instruments
The instruments were probe ultrasonicator (VibraCell™, VC 505, Sonics & Materials, Inc., Newtown, CT, USA), SCHOTT pH meter (CG 843, Germany), Carver Press (Wabash, IN, USA), Malvern Zetasizer (ZS) (Malvern Instruments, Malvern, UK), Microtrac S3500 (USA), lyophilizer (Telstar, LyoQuest-85, Spain), differential scanning calorimeter (DSC-50 Shimadzu, Japan), Fourier transform infrared (FT-IR) spectrophotometer (IRAffinity-1, Shimadzu, Japan), UV-visible spectrophotometer CE (Cintra 5, GBC Scientific Equipment, Bausch & Lomb, Rochester, NY, USA) and USP dissolution apparatus II (Copley Scientific, NE4-COP, UK).
Preparations of Tadalafil Nanosuspension and Screening for Stabilizers
In this study, an organic solution of Tadalafil was added to an aqueous solution containing a stabilizer, under sonication. Acetone and water were used as a solvent and an anti-solvent, respectively, at ratios that ranged from 1:49 to 1:15.6. Briefly, a weighed amount of 10, 30 or 50 mg of Tadalafil were completely dissolved in sufficient volume of acetone to prepare an organic solution of the drug which was then injected into specific volume of aqueous solution containing a stabilizer or mixture of them at different concentrations (in percent, weight/volume) at 5°C under stirred conditions and continuous ultrasonication. Stabilizers used included SLS, PVP K-30, Pluronic F-68, Tween80, Methocel E50, Methocel E5 LV, Triton X-100, Docusate sodium, Cremophor EL, Brij58, Span20, Span60 and Span80, in addition to combinations of some of them at different ratios (in percent, weight/volume). Continuous sonication was applied via a probe ultrasonicator for different time intervals. The prepared nanosuspensions were stirred at room temperature for 24 h to remove the organic solvent. Results we compared to a control preparation containing the drug probe-sonicated without any stabilizer.
Effect of pH on Stability of Surfactant-Stabilized Nanosuspensions
Nanosuspensions containing different stabilizers at different concentrations were prepared in acidic medium of pH 3 and in alkaline medium of pH 10, and results of particle size analysis and nanosuspension stability were compared to those prepared in neutral distilled water (pH 6.5).
Effect of Organic: Aqueous Phase Ratio and Effect of Organic Phase Injection Rate
The effects of the ratio of organic to aqueous phase and organic phase injection rate on Tadalafil nanosuspensions mean particle sizes prepared using the optimal ratio of Tween80 and Span80 in neutral (pH 6.5) or in alkaline (pH 10) media were investigated.
Preparations of PEG-Tadalafil Matrices
PEG 4000 was dissolved in freshly prepared Tadalafil nanosuspension or in Tadalafil raw powder suspensions in water and stirred for 24 h. The mixture was then dried either using hot oven at 40°C or via freeze dry. The dried powder products (approximately 300±5 mg) were manually mixed for 10 min with Mg stearate and talc (at 0.25% each) and directly compressed via Carver Press at 1,000 lb for 30 s. Additionally, a physical mixture of Tadalafil raw powder and PEG 4000 was also mixed with Mg stearate and talc for 10 min and then was directly compressed into tablets of same properties (300± 5 mg, at 1,000 lb for 30 s). Each tablet contained about 20 mg of Tadalafil. The tablets were produced at room temperature between 23 and 26°C with the humidity between 37 and 42% RH and were stored in airtight containers in the same room of preparation for further study. Tablets were characterized in terms of crushing strengths, interactions of components and dissolution properties.
Particle Size Characterization
Nanosuspensions were characterized in terms of mean particle size using dynamic light scattering, also known as photon correlation spectroscopy, using a Malvern ZS. Larger particles (>1 μ) were measured using a Microtrac S3500. Prior to the measurement, all samples were diluted using ultrapurified water to yield a suitable scattering intensity. Samples were analysed at 25°C using the general purpose mode.
Freeze Dry
Tadalafil nanosuspensions and Tadalafil raw powder suspensions containing PEG 4000 were lyophilized using trays that were frozen in deep freezer at −80°C for 24 h for freezing. The trays were then transferred to the vacuum adapter of lyophilizer. The solvent was sublimed under a pressure of 0.01 mbar for 48 h.
Differential Scanning Calorimetry Analysis
Differential scanning calorimetry (DSC) scans of pure Tadalafil powder, PEG 4000 and formulations A, B, C, D and E were recorded. Samples of approximately 1-7 mg were heated to 350°C at 10°C/min. Pierced aluminium pans were used for all samples. Pure indium was used to calibrate the DSC temperature scale.
FT-IR Spectroscopic Analysis
FT-IR spectra of moisture-free pure Tadalafil powder, PEG 4000 and formulations A, B, C, D and E powders were obtained using a FT-IR spectrophotometer using KBr as a reference. The scanning range was 450-4,000 cm 
Drug Analysis
The analysis for Tadalafil was carried out using the UV/ VIS spectrophotometer at the λ max of the drug which is 285 nm using a quartz cuvette cell and against an appropriate blank. A standard solution composed of 20 ng/ml Tadalafil in appropriate solvent (distilled water containing 0.3% SLS at pH 6.5±0.5) was prepared and serially diluted into a range of concentrations from 2 to 16 ng/ml whose absorbances were measured. This procedure was repeated three times, and an average of absorbances was taken at each point and plotted against the corresponding concentration to determine the linearity by calculating the correlation coefficient (r 2 ) using linear regression analysis. UV scanning was performed on standard solutions of Tadalafil (2 ng/ml) dissolved in distilled water containing 0.3% SLS at pH 6.5±0.5 and on Tadalafil solution (2 ng/ml) containing 0.05% Span80 and 0.05% Tween80 at pH 6.5±0.5 or pH 10±0.5.
In Vitro Dissolution Studies
Dissolution studies were performed for 20 mg of plain Tadalafil raw powder and for an equivalent amount of Tadalafil nanosuspension (36 ml Tadalafil nanosuspension of 50 mg/90 ml strength, stabilized by Span80 and Tween80 at a 1:1 ratio (in percent, weight/volume) and 0.10% (w/v) total concentration). Dissolution was performed in 1,000 ml aqueous solution containing 0.3% (w/v) SLS and in 1,000 ml aqueous solution containing Span80 and Tween80 at 1:1 ratio (in percent, weight/volume) and 0.10% (w/v) total concentration using USP dissolution apparatus II at 50 rpm and 37±0.5°C. Aliquots were periodically withdrawn (5 ml) and were analysed spectrophotometrically at 285 nm and were replaced with an equal volume of dissolution medium. Samples were tested in triplicates, and an average of these was calculated and plotted against dissolution time.
RESULTS AND DISCUSSION
The ability to form nanosuspensions of poorly soluble drugs and maintaining the thermodynamic stability of suspended drug particles is quite challenging for some compounds. Thermodynamic stability of a suspension demands that the energy of interaction between solid dispersed drug particles to be of a repulsive type. In addition, adequate wetting of these particles by the liquid vehicle is required (23) . The relevant time scales of dispersion stability may vary from tenths of seconds to years, depending on the application (24) . In this study, an attempt was made to prepare nanosuspension of Tadalafil by the anti-solvent precipitation method using probe ultrasonication technique with the aid of stabilizers. According to Kocbek et al. (25) , a drug which is a suitable candidate for nanosuspension preparation by this method should be poorly soluble in water (solubility of <10 −3 to 10 −4 mol/l), but soluble in the selected organic solvent. Tadalafil with an aqueous solubility of 2 μg/ml (or 5.3×10 −6 mol/l) (22) possesses a significantly better solubility in organic solvents such as acetone which is miscible with water. However, Tadalafil is slightly soluble in acetone and some other organic solvents such as methanol and ethanol (26) which limits the amount of drug to be loaded to form concentrated nanosuspensions. A Tadalafil preparation probesonicated without any stabilizer being added to the aqueous phase resulted in the formation of a suspension containing large particles (hundreds of microns in size), indicating the need of certain molecules to stabilize the newly created surfaces formed upon sonication.
Formulation of Nanosuspensions Using Single Stabilizers
Polymers can be used to stabilize dispersions with the type of stabilization mechanism being steric in nature, particularly for uncharged polymers (27, 28) . It is reported that polymers can be effective stabilizing agents only if the polymer-solvent interactions are more favourable than the polymer-polymer interactions (29) . In this study, polymers such as PVP-K30, hydroxypropyl methylcellulose (Methocel E5 LV) and polyoxyethylene-polyoxypropylene block copolymers (Pluronic F-68) were employed to stabilize Tadalafil nanosuspensions at concentration shown in Table I (formulations 1-6), where results and observations are also shown. PVP-K30 containing formulation resulted in fluffy precipitate few minutes after sonication at different sonication times. Pluronic F-68 resulted in the formation of large particles that remained suspended for few hours. Low concentration of Methocel E5 LV yielded clear solutions with no visually apparent particles; however, 3 days after preparation, particle size measurement using Malvern nanosizer indicated the presence of particles with an average size of 11-17 μm depending on duration of sonication. Higher concentrations of Methocel E5 LV produced only smaller particle size within the micrometer size range. On further storage, particle sizes increased forming a precipitate that was easily re-dispersed in the viscous environment. Although Methocel E5 LV produced the best results among the polymers employed, it was insufficient to prepare and stabilize Tadalafil nanosuspensions.
These results indicate that these polymers, with exception of Methocel E5 LV, were unable to be adsorbed efficiently and/or properly on the nonpolar Tadalafil particle surfaces in a way that provided steric hindrance. PVP-K30 relies on large dipole moment of the polymer side groups that interact with any other dipole present in the system. However, for Tadalafil, it seems that this dipole-dipole interaction (van der Waal forces) was insufficient to form a complex with PVP since Tadalafil possesses a relatively small polar surface area of 74.87 Å 2 (when compared to other poorly soluble drugs such as glibenclamide with polar surface area of 121.98 Å 2 ) (30). Results were supported by the observation that the particles stabilized using PVP-K30 were fluffy and similar in appearance to stabilizer-free Tadalafil nanosuspensions.
Formulation of Nanosuspensions Using Single Surfactants
Surfactants are known to interfere with the interfacial transport of solute from the crystal to the bulk solution (31) . The solubility enhancement properties of surfactants resulted from the dual nature of surfactant molecules (32) .
Ionic surfactants were theoretically claimed to aid in preparation and stabilization Tadalafil nanosuspensions; however, results of this study did not support the claim. Both SLS and Na docusate were unable to stabilize the newly formed particles when employed at different concentrations in neutral medium (pH of 6.5) as shown in Table I (formulations 7-11). SLS-containing formulations resulted in an immediate formation of Tadalafil particles with size range of 38-71 μm depending on its concentration and duration of sonication. Similar results were observed for Na docusate containing formulations which yielded particles in the size range of 90-98 μm under the same conditions. These results indicated that both surfactants (SLS and Na docusate) were unable to be adsorbed sufficiently and/or properly onto Tadalafil particle surfaces. This could be due to high solubility and insufficient hydrophobicity of lauryl chain of SLS and the inappropriate orientation of the side succinate chains of Na docusate on particle surfaces.
Non-ionic surfactant molecules offer an advantage over polymers in that they are amphiphilic surfactant molecules and typically have a higher adsorption potential than an equal chain length polymer. Results of non-ionic surfactants employed individually for the preparation of Tadalafil nanosuspensions at pH of 6.5 are shown in Table I (formulations  12-28) . Brij58-stabilized nanosuspensions at 0.05% (w/v) were colloidal with an average particle size of about 237 nm at low sonication times; however, short time after storage (within less than 3 h) particles exhibited a marked growth. At 0.20% (w/v), larger particles were resulted (about 2.5 μm) with agglomerations that appeared within 24 h. At higher concentrations (0.5%, w/v), clear transparent solutions with thread-like structures having an average size of 119 μm were observed. Using Cremophor EL as a stabilizer at concentrations of 0.02% (w/v) and 0.05% (w/v) resulted in particles in the size range of 1.2-4.5 μm, depending on sonication time. At 0.10%, particles aggregation occurred. At 0.5%, dispersions were colloidal in appearance but with particle size range of 1.4-9.85 μm. Higher concentrations of Cremophor EL (0.75% and 1%) showed clear transparent solutions with thread-like particles in the size range of 10-97 μm, which were similar in appearances to dispersions stabilized with Triton X-100 at concentrations of 0.50, 1.0 and 1.50%, where particles displayed sized ranging from 7.0 to 71.5 μm.
At 0.0025% (w/v) (close to its CMC value), Tween80 aided in the formation of colloidal dispersion with an average particle size range of 1.0-20.7 μm at both long and short sonication times. At concentration ten times its CMC value, Tween80 yielded colloidal dispersions with an average particle size being close to 1 μm; however, precipitation occurred 1 day after preparation. At 0.05% (w/v) and 0.10%, colloidal dispersions with an average particle size of 750±15 and 788± 22 nm, respectively, were produced in distilled water (pH 6.5). Both preparations experienced certain magnitude of stability where further increase in particle size was noticed only 3 days after production.
Formulation of Nanosuspensions Using Combinations of Surfactants
The use of certain sole surfactants (e.g. Tween80) at specific concentrations produced a reduction in particle size of Tadalafil suspension to the nanometre size range. However, further reduction in the average nanosuspension particle size was needed. Also, nanosuspensions produced were unstable enough to allow further processing. This could be due to the inability of adsorbed surfactant molecules to form a complex, well-packed and flexible film with sufficient electrostatic and/ or steric characteristics on the surfaces of Tadalafil particles. Therefore, combinations of surfactants were employed in the next step to prepare nanosuspensions with sufficient stability to permit further handling procedures. The rationale behind using mixtures of surfactants is coupled with the ability of certain mixtures to behave synergistically for stabilization purposes, particularly in cases where single surfactant does not perform well. This synergistic behaviour can be typically in the form mixed aggregates or structures, as in mixed monolayers and mixed bilayers with a more fluid-like or solid-like behaviour than either of their single surfactant aggregates. Often the synergistic effect of the mixed systems has been shown to be due to enhanced adsorption from the mixture of a weakly adsorbing component (33) . Combinations of surfactants employed in current study are shown in Table I (formulations 29-40) along with their results in neutral medium (pH 6.5). Combinations of two surfactants were added at several ratios with total concentrations well above the CMC of any of the surfactants. When combinations of Tween80 and SLS or Tween80 and Na docusate were used as stabilizer mixtures, suspensions had average particle sizes of about 129 and 0.5 μm, respectively, at the highest concentrations employed of both combinations. Both formulations were unstable and showed particle growth and agglomerations shortly after preparation (within 3 h) indicating that the aforementioned surfactant combinations were apparently unable to form such a film that prevent particles from coming close to each other towards agglomeratation. Therefore, the adsorption that might have happened initially (as in case of individual Tween80 or Na docusate) was followed by agglomeration and precipitation.
Combinations of nonionic surfactants such as a mixture of Tween80 and Cremophor EL resulted in large particle size suspensions (19.72-74.5 μm) depending on total concentration used. The size range obtained using this combination was similar to that obtained using Cremophor EL alone as a stabilizer indicating that Tween80 did not interfere with Cremophor EL adsorption process. Mixtures of Tween80/Brij58, Brij58/Span80 and Cremophor EL/Span80 experienced insignificant reduction in the average particle size compared to single surfactants, indicating insignificant synergism.
Mixtures of Tween80 and Spans 20, 60 or 80 were used to stabilize nanosuspensions at 1:1 ratio and 0.1% total concentration. Span20 and Span60 are identical in their structures, except for the side chain lengths. Despite that mixtures of Tween80 with Span20 or Span60 resulted in particles in nanometre size range, particles aggregated within hours in neutral media (pH 6.5). Comparatively, when Span80 was combined with Tween80 at the same conditions, nanosuspension produced possessed an average size range of (205±6 nm) with an observed stability for 3 days (almost constant mean particle size during this period). Nanosuspensions were colloidal in appearance and were free of black particles associated with the use of either Span20 Span60. However, the increase in particle size after 3 days can be attributed to the low zeta potential (−8.71 μS) of Tadalafil nanoparticles. Figure 1 shows the chemical structures of Span80 and Tween80 where it is apparent that Span80 is similar in structure to Spans20 and 60 except for its chain length (16 carbons in Span80, 12 and 18 in Span20 and Span60, respectively) and its nature (unsaturated in Span80).
The achievement of nanosized particles of a relatively adequate stability can be explained by the formation of a mixed monolayer conformation in which the hydrocarbon chains of the two surfactants (Tween80 and Span80) are lined up adjacent to each other (34) . This type of conformation is favoured if the amount of adsorbed Span80 is low enough creating gaps between molecules that are large enough for the Tween80 hydrocarbon chains to fully penetrate, as shown in Fig. 2 . In the depicted model, it can be noticed that Span80 could act as a barrier of steric interactions between polar groups on Tween80 preventing their close proximity. The mixed monolayer conformation will result in the lowest surfactant adsorption density of any of the conformations possible in this mechanism. Other possibilities of conformation can exist, for example, a full bilayer conformation which is favoured when there is enough Tween80 in solution to adsorb as a full second monolayer (35) . However, the first conformation seemed to be more appropriate in the current case since nanosuspension dispersion stability and particle size were found to be worse at higher total surfactant concentrations (≥0.20%, w/v). At higher surfactant concentrations, adsorption of a third surfactant layer of Span80 or Tween80 could occur, or alternatively the solubility limit of Span 80 in water could be reached causing precipitation.
Span80 has greater hydrophobicity (HLB=4.3) than either Span20 (HLB=8.6) or Span60 (HLB=4.7), and thus, it was expected to have more affinity for Tadalafil hydrophobic surfaces. Tween80 is a hydrophilic surfactant and was shown to exhibit great steric stabilization when used alone (nanosuspensions size range of 750±15 nm) in neutral medium. However, the synergistic action of Tween80 and Span80 combination was found to bring the nanosuspension particle size to about 205±18 nm with a relatively adequate stability.
The optimum ratio of Tween80 and Span80 combination was found to be 1:1 ratio (in percent, weight/volume) at a total concentration of 0.10% (w/v). The calculated HLB mix of the mixture was 9.65. On the other hand, the molar ratio of Span80/Tween80 was close to 3:1. Other ratios (in percent, weight/volume) of Span80/Tween80 at a fixed total concentration of 0.10% (w/v) were also investigated in order to determine the effects of HLB mix and molar ratios of surfactants on nanosuspension properties. Both at lower molar ratio of Span80/Tween80 of 1.3:1 (HLB mix = 11.8) and at higher ratios of 2:1 (HLB mix = 10.72) and 6:1 (HLB mix = 7), nanosuspensions of large particles resulted and were readily unstable. Therefore, an optimal ratio of both surfactants should be carefully chosen for formulating Tadalafil nanosuspensions.
Effect of pH on Stability of Surfactant-Stabilized Nanosuspensions
In an attempt to enhance the physical stability of Tadalafil nanosuspensions using surfactants as stabilizers, the effect of pH was investigated. Nanosuspensions were prepared in acidic medium of pH 3 and in alkaline medium of pH 10, and results were compared to those prepared in neutral distilled water (pH 6.5) as shown in Table II (formulations 1-18 ). In general, the results indicated that, except for certain surfactants and surfactants combinations, the suspended particles exhibited a decrease in their mean sizes in the alkaline medium. Best stability was recorded for Tween80/Span80 in alkaline medium which showed stability up to 3 days with an almost constant mean particle size. Improved stability was attributed to adsorption of hydroxyl ions of nanosuspensions as indicated by the negative sign of zeta potential giving rise to certain degree of between dispersed particles. Table III shows results of the effects of the ratio of organic to aqueous phase and organic phase injection rate on Tadalafil nanosuspensions mean particle sizes prepared using the optimal ratio of Tween80 and Span80 in neutral (pH 6.5) or in alkaline (pH 10) conditions. Results indicated that when the ratio of organic/aqueous phase was increased from 1:49 to TDTSp-OH Tadalafil-Tween80-Span80 nanosuspension prepared in alkaline medium, TDTSp-N Tadalafil-Tween80-Span80 nanosuspension prepared in neutral medium 1:15.6, a significant increase in nanosuspensions particle sizes was noticed when all other parameters were kept constant (flow or injection rate, amount of drug, total volume, sonication time and intensity). The presence of the organic phase in a large proportion retained the drug as 'dissolved' shielding it from direct comminution via cavitation during sonication, and therefore, upon evaporation of the organic solvent, the dissolved drug will precipitate into larger particles. In addition, results have shown that the effect of the increase in organic to aqueous phase ratio was more pronounced at low injection rates. This can be attributed to the actual time span the whole precipitated drug particles spent during sonication. Thus, a relatively rapid drug injection would permit a bigger chance for the whole drug injected to be sonicated for longer times.
Effect of Organic: Aqueous Phase Ratio and Effect of Organic Phase Injection Rate
In Vitro Dissolution of Optimized Tadalafil Nanosuspensions
The dissolution profiles, 1 and 3 days after probe sonication of Tadalafil nanosuspensions containing 0.05% (w/v) Span80 and 0.05% (w/v) Tween80 at pH 6.5±0.5 (TDTSp-N) or at pH 10±0.5 (TDTSp-OH), were determined in 1,000 ml of distilled water containing 0.3% (w/v) SLS. Three batches of TDTSp-N with mean particle sizes of 223, 232 and 244 nm and of TDTSp-OH with mean particle sizes of 215, 222 and 229 nm were tested, and the averages of these were compared to data obtained from the dissolution of raw powder of Tadalafil (20 mg) in 1,000 ml of distilled water containing 0.3% (w/v) SLS or in 1,000 ml of distilled water containing 0.3% (w/v) SLS and mixture of Span80 and Tween80 at 0.05% each. The method of analysis was validated with a correlation coefficient (r 2 ) of the calibration curve of 0.9975. The UV scans of Tadalafil/SLS solution and Tadalafil/SLS/surfactants (0.05% (w/v) Span80 and 0.05% (w/v) Tween80) at neutral or alkaline conditions revealed that all Tadalafil solutions exhibited a maximum absorbance at about 285 nm and the absorbances of surfactants did not interfere with the assay of Tadalafil at this wavelength. Results of the dissolution profiles are shown in Figs. 3 and 4 after day 1 (1 day after probe sonication) and after day 3, respectively. These figures clearly showed a dramatic increase in the rate and extent of dissolution for Tadalafil nanosuspensions in comparison with raw drug powder. This increase was more significant for TDTSp-OH nanosuspensions where more than 92% of Tadalafil was dissolved within the initial 5 min compared to about 80% for TDTSp-N nanosuspensions and less than 10% for raw Tadalafil powder. In addition, it was apparent from figures that within the first 5 min of dissolution time, 80% and 70% of the cumulative drug release were observed for TDTSp-OH and TDTSp-N, respectively. However, drug dissolution was almost complete within the first 10 min for all nanosuspension formulations at both 1 and 3 days after preparation compared to less than 15% for raw Tadalafil powder.
Drug Release from PEG-Tadalafil Directly Compressed Solid Dispersion Matrices
In order to obtain Tadalafil nanosuspension into more stable and convenient dosage forms, Tadalafil nanosuspensions were transformed into tablet matrices using polyethylene glycol (PEG 4000) as a carrier. Five different formulations were prepared as shown in Table IV . In formulations A and B, PEG 4000 was dissolved in Tadalafil nanosuspensions (TDTSp-OH) immediately after sonication and stirred for 24 h until acetone was removed. Then the nanosuspension-PEG mixture was solidified either in oven at 40°C (formulation A) or via freeze dry (formulation B). In formulations C and D, PEG was dissolved in Tadalafil powder suspension containing Tween80 and Span 80 with acetone being added to the suspension at concentrations mimicking that in TDTSp-OH and stirred for 24 h until acetone was evaporated. Then the powder suspension-PEG mixture TDTSp-OH Tadalafil-Tween80-Span80 nanosuspension prepared in alkaline medium, TSp-OH Tween80-Span80 dispersed in alkaline medium a Millilitres of TDTSp-OH Tadalafil nanosuspension (mean particle size=193±8 nm and strength=50 mg/90 ml) that is equivalent to 20 mg Tadalafil b Milligrams of Tadalafil raw powder (particle size=10 μm) dispersed in TSp-OH was dried either in oven at 40°C (formulation C) or via freeze dry (formulation D). After drying, all formulations were directly compressed as mentioned earlier in the experimental section. In addition, a fifth formulation, E, was prepared from physical mixture of Tadalafil powder and PEG and was directly compressed into tablets. The measured crushing strengths of tablet formulations showed slightly lower strengths for tablet formulations prepared using freeze-dried nanosuspensions. The measured crushing strengths (K p ) were 5.2±0.4, 2.8±0.2, 5.4±0.6, 3.2±0.5 and 3.7±0.3 for formulations A, B, C, D and E, respectively. Dissolution of the tablets was conducted in a way similar to that used for Tadalafil nanosuspensions (in 1,000 ml of distilled water containing 0.3% SLS, at 100 rpm and 37°C). Results are shown in Fig. 5 , where among all Tadalafil-PEG tablet formulations, formulation B showed the highest initial drug release rates in the initial phase (first 5-15 min) followed by formulation A, while formulations C and D showed lower rates. This behaviour might be due to the fact that Tadalafil was initially prepared as nanosized particles in formulations B and A, while formulations C and D were obtained from Tadalafil raw powder suspension. Dissolution studies also showed that, in general, tablet formulations made of freeze-dried products; formulations B and D exhibited faster release rates during the initial times than the corresponding tablets made of oven-dried products: formulations A and D, respectively. This may be explained by possible presence of Tadalafil crystals which exhibit higher rates of growth during drying in oven compared to freeze dry and therefore resulting to lower dissolution rates. This can also be the cause of the slightly higher crushing strengths of formulations A and C compared to formulations B and D, which also contributed to the lower initial drug release rates of formulations A and C. After the initial dissolution times, most of the drug was released at comparable release rates except for formulation E which, despites its relatively low crushing strength of 3.7±0.3, showed the lowest release rates among all formulations since they were untreated physical mixture of the large particle size Tadalafil raw powder (10 μm) and PEG 4000. The FT-IR spectra of pure components and Tadalafil-PEG tablet formulations are shown in Fig. 6 . The IR spectrum of Tadalafil is characterized by principal absorption peaks at 3,328 cm -1 due to N-H stretching vibration and 3,092 cm
due to stretch of aromatic C-H. Two intense absorption bands attributed to amide C=O, and aromatic C=C stretching vibrations were found at 1676 and 1649 cm −1 respectively. Other bands appeared at 2,905 cm -1 (C-H stretch, aliphatic CH3), 1,437.62 cm -1 (C-N stretch), 1,041 cm −1 (C-O-C stretch) and 745 cm −1 (benzene). PEG 4000 exhibited characteristic peaks at 2,890 cm −1 due to C-H stretching, at 1,116 cm −1 due to C-O stretching and at 3,350 cm −1 due to O-H stretching. Generally, the FTIR spectra of all tablet formulation products did not show significant changes with respect to the FTIR spectra of the pure components and in particular the characteristic bands of Tadalafil; the characteristic -NH stretching band at 3,328 cm -1 , in addition to aromatic C-H stretch at 3,092 cm −1 and aliphatic C-H stretch at 2,905 cm -1 of Tadalafil, was apparently masked in all the prepared systems by the broad intense band corresponding to the OH vibration at 3,350 cm −1 and by C-H stretching at 2,890 cm
. This could be due the low drug to PEG 4000 ratio (6.67%, w/w). Therefore, we can assume absence of any chemical or physical interactions of the drug with the carrier. Similar results were reported for solid dispersions of Tadalafil using poloxamer 407 (36) . Figure 7 depicts the DSC thermograms of pure drug, PEG 4000 and Tadalafil-PEG tablet formulations. Tadalafil powder exhibited a single sharp endothermic peak at 301-302°C. PEG 4000 showed an endothermic peak at 61°C. The position of endothermic peaks of PEG 4000 was maintained in all tablet formulations A to E. However, Tadalafil endotherm disappeared in thermograms of all tablet formulations. This can be attributed to the formation of Tadalafil-PEG 4000 solid dispersion, and therefore, the existence of the drug in an amorphous form, or it can be due to the existence of drug crystals but in low concentrations (6.67%, w/w) that were undetectable during DSC analysis as shown by formulation E (physical mixture) thermogram in Fig. 7 . Another possibility is that PEG 400 melted first due to its low melting point, which then dissolved the drug on further heating.
When compared to Tadalafil nanosuspensions (TDTSp-OH or TDTSp-N), Tadalafil-PEG formulations A and B showed lower rates of drug release. In addition to the enormous surface area of nanosuspensions relative to PEG tablets, this could be attributed to the lowered mobility of drug particles or molecules embedded within the PEG matrix system particularly in the initial phase. Furthermore, changes in the size of freeze-dried Tadalafil nanosuspension could have taken place and therefore affected the drug release rates. On the other hand, it was found that PEG 4000 matrices produced enhanced release rates of Tadalafil in formulations C, D and E compared to plain Tadalafil raw powder release rates conducted in SLS or in SLS/Tween80/Span80. This can be attributed to the formation Tadalafil-PEG solid dispersions in formulations C and D, or to the hydrophilic effect of PEG 4000 which exerted solubilization effect on Tadalafil powder during matrix dissolution of formulation E.
Literature lacks any data about preparation of Tadalafil nanosuspensions. However, few studies exist adopting other methods to improve Tadalafil dissolution rates. Kumar et al. (37) showed that, at best, only 30-40% of Tadalafil were released during the first 5 min of dissolution and about 91% of cumulative drug release at the end of 90 min of dissolution of Tadalafil-PVP K30 and Tadalafil-PEG 6000 solid dispersions. Shaimaa et al. (38) reported a marked enhancement of Tadalafil dissolution rates via complexation using cyclodextrins where 75% of the drug were released in the first 5 min. Therefore, our current method of development of Tadalafil nanosuspensions showed superiority in enhancement of dissolution rate of Tadalafil (more than 90% cumulative drug were released within the first 5 min) compared to other employed methods.
CONCLUSIONS
Tadalafil nanosuspensions with adequate stability necessary for further processing were successfully prepared using combinations of nonionic surfactants comprised of Tween80 and Span80 at 1:1 ratio (in percent, weight/volume) with total concentration of 0.10% (w/v). Generally, the concentration of stabilizer employed to stabilize the nanosuspension has marked effect on the mean particle size; higher concentrations resulted in a smaller average particle size except in certain cases where particle size either increased with increasing stabilizer concentration such as Methocel E5 LV, Brij58, Cremophor EL and mixtures of Tween80/Cremophor EL or remained almost the same at all stabilizer concentrations such as Na docusate. The pH of the nanosuspension was a critical parameter affecting its stability, where adequate stability was obtained at pH 10. Tadalafil nanosuspensions prepared in alkaline media exhibited smaller mean particle size and therefore higher dissolution rates compared to those prepared in neutral media.
